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Abstract. X-ray f l u o r e s c e n c e i s a w e l l e s t a b l i s h e d a n a l y t i c a l 
too l for measuring elemental composition of f a i r l y large (~ 5 
cm2) "cold" samples . A v e r s i o n of t h i s technique has been deve-
loped for a n a l y s i s of r a d i a l d i s t r i b u t i o n of f i s s i o n products 
Xe, Cs and Ba in i r r a d i a t e d U02 fue l samples . About 0.1 mm t h i n 
s l i c e s of f u e l p e l l e t s ( f u l l c ros s s e c t i o n s ) are i r r a d i a t e d by 
50 keV X-rays. The i n t e n s i t y of the Xe (Cs, Ba) Ko f l u o r e s c e n c e 
radiation generated i s measured by means of a Ge d e t e c t o r f i t t e d 
with a c o l l i m a t o r . The s l i t i s 0.5 mm wide in the scanning d i -
rection and 2 mm long. The measured Xe Ko x-ray i n t e n s i t i e s are 
converted to absolute concentrations by comparing to the inten-
s i t y from a Xe gas standard. In the case of Cs and Ba s o l i d 
standards may be used. The X-ray f l u o r e s c e n c e a n a l y s i s i s com-
pared t o other techniques used to obtain radial f i s s i o n product 
pro f i l e s , i t i s shown how a combination of X-ray f l u o r e s c e n c e 
and e l e c t r o n probe micro a n a l y s i s i s able t o revea l the amount 
of Xe in the grain boundary poros i t i e s . 
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1. INTRODUCTION 
Fission product r e l e a s e i s probably the most important f a c t o r 
influencing the performance of water reactor fuel during a power 
transient . The mechanisms by which the v o l a t i l e f i s s i o n products 
are se t free are s t i l l a matter for d i scuss ion , although f i s s i o n 
product re lease from nuclear fuel has been studied for more than 
20 years. Of the v o l a t i l e f i s s i o n products the f i s s i o n gases Kr 
and e spec ia l ly Xe have drawn most a t tent ion . Consequently t h i s 
paper i s focussed on the f i s s i o n gas Xe. 
Post i r r a d i a t i o n examinat ions (PIE) provide data on both i n t e -
gral and loca l l e v e l s of re lease . Volumetric analys i s of the gas 
co l l ec ted in the plenum i s s t i l l the main source of i n t e g r a l 
release data. Local data have unt i l now been provided by micro-
coring (Refs. 1, 2) , e lectron probe micro analys is (EPMA) (Refs. 
3 , 4) and l a s e r sampling (Ref. 5) . The l i m i t a t i o n s and advan-
tages of t h e s e techniques are compared in Table 1 which a l s o 
includes the new X-ray f l u o r e s c e n c e (XRF) technique . The paper 
gives a descript ion of the XRF method employed and some examples 
of Xe, Cs and Ba radial concentration p r o f i l e s . The Xe p r o f i l e s 
obtained are compared t o Xe p r o f i l e s measured by EPMA on a d j a -
cent fuel samples. 
2. EXPERIMENTAL 
A rotating anode high in tens i ty X-ray generator (Trademark: RI-
GACU) i s used as the X-ray source. In order to obtain as hign an 
X-ray i n t e n s i t y on the sample sur face as p o s s i b l e the sample 
should be placed as c l o s e t o the X-ray source as p o s s i b l e . This 
prevented a c o n s t r u c t i o n of a mass ive lead s h i e l d for i r r a -
diation protect ion, and consequently i t i s necessary to minimize 
the sample s i z e . 
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2 . 1 . Sample Preparation 
A sample suff icient ly long to contain a ful l pe l le t i s cut from 
the fuel pin. This sample i s impregnated with a r a l d i t e and cut 
longitudinally c lose to the p e l l e t center . Afterwards the half 
pe l l e t i s imbedded in perspex toge ther with a t h in metal r ing as 
shown in Fig. 1. The sample surface is ground on 600 g r i t paper. 
Next, the perspex and the sample i s cut in the plane A-A (see 
Fig. 1). Then the sample i s fu r ther ground from the "A-A" s ide 
after a remounting. Because i t i s impossible to cut the A-A-
plane exac t ly p a r a l l e l to the surface (Fig. 1) the r ing w i l l be 
grounded away in a s ing le spot before a l l the sample i s removed. 
Thus, when the ring has disappeared at o^" location an approxi-
mately 0.1 mm thick fuel sample containing a f u l l l o n g i t u d i n a l 
pe l l e t cross section i s prepared. For such a sample of fuel with 
a burnup of 4% FIMA ( f i s s i o n s of i n i t i a l metal atoms) and a 
cooling t ime of one year the r ad i a t i on l eve l i s l e s s than 5 R/h 
in 10 cm d i s t ance and below 50 mR/h when shie lded wi th a 5 cm 
lead. 
2.1. Experimental Set-up 
Fig. 2 shows a hor i zon ta l s ec t ion Lhrough the spectrometer de-
veloped by the Physics Department at Risø. The fuel sample i s 
placed in a lead shie lded conta iner (7 cm l ead ) . The sample i s 
i r radia ted with an X-ray beam which i s 4 mm wide and s u f f i c i e n t -
ly long t o cover the fu l l width of the sample. The X-ray beam 
h i t s the sample surface at an angle of 45°. 
The i n t e n s i t y of the c h a r a c t e r i s t i c f luorescen t Ka X-ray ra -
diation i s measured by a germanium so l id s t a t e d e t e c t o r , in 
order to avoid a saturation of the detector because of the B and 
r r a d i a t i o n from the sample, the Ka l i n e s of Xe, Cs and Ba are 
deflected by a graphite c rys ta l . Then only a narrow range of ra-
diat ion energ ies around the wanted Ka l i n e s reaches the de t ec -
tor . Around 30 keV (Xe, Ka - 29.8 keV) the energy i n t e r v a l which 
can be measured through the graphite crystal i s about 5 keV. The 
deflected angle (the Bragg angle) i s 3.5°. 
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The fluorescent radiat ion in tens i ty measurement i s by a c o l l i -
mator confined to a small area of the sample. The co l l ima to r 
s l i t i s 0.5 mm wide in the scanning d i r e c t i o n and 2 mm long. The 
collimator l ine i s perpendicular to the incoming exci ta t ion ra-
diat ion beam. This gives the lowest Compton background. Thus the 
collimator l i n e makes a 45° angle to the sample su r face , and an 
area of 0.5 mm x 2 mm of the surface i s seen through the c o l l i -
mator. By scanning with s t e p l eng ths of 0.25 mm a r a d i a l r e -
solution of about 0.5 mm is obtained. 
Fig. 3 shows a v e r t i c a l s e c t i o n in the plane of the sample 
surface through the exper imental s e t -up , and through the con-
tainer used for the t ransportat ion of samples from the hot ce l l s 
in the Metallurgy Department to the Physics Department. The 
location of the sample r e l a t i v e to the incoming and leaving 
radiation beams i s con t ro l l ed by means of two t r a n s l a t i o n de-
v ices . 
The pos i t ion of the sample r e l a t i v e to the co l l ima to r l i n e i s 
determined by measuring the i n t e n s i t y of the U-Lo l i n e a t 13.55 
keV during a scan. The r e s u l t of a hor izon ta l scan i s shown in 
Fig. 4. Such a scan also reveals the presence of possible cracks 
and loss of fuel, and makes i t possible to correct the measured 
concentration for cases where the collimated area i s only part ly 
f i l l ed with fuel. 
As c a l i b r a t i o n a s tandard m a t e r i a l (gaseous, l i qu id or so l id) 
with known elemental concentration and X-ray absorption coeffi-
cient may be used in order to convert count r a t e s i n t o concen-
t ra t ions . For Xe gaseous standards are used. 
The data a c q u i s i t i o n i s c a r r i e d out by means of a CANBERRA 
multichannel analyzer and a PDP11 computer. 
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3. RESULTS AND DISCUSSION 
Fig. 5 gives a spectrum obtained from a sample irradiated to a 
burnup of 3.4% FIMA together with the background spectrum mea-
sured on unirradiated UC^. The areas of the peaks above the 
background is taken as representing the Xe, Cs and Ba concen-
trations, respectively. 
Fig. 6 shows a plot of Xe concentrations as measured by XRF 
versus the Xe concentration calculated from burnup and fission 
yields. All the measurements were made at a radial position of 
the samples of about 0.8 where the concentration is close to the 
average Xe generation in the sample, and where the fuel has been 
cold enough to retain all Xe generated. Taking into account the 
uncertainties on the fission yields and on the burnup a relative 
uncertainty of 10% (one standard deviation) is estimated from 
Fig. 6. Often the uncertainty on the relative radial distri-
bution of Xe is more important than on the absolute concen-
trations. In such a case where calibration is not necessary, the 
uncertainty on the determination of the relative Xe concen-
tration is estimated to be 5% of the Xe concentration in the 
cold fuel close to the rim. This is valid for fuel in the burnup 
range of 3-5% FIMA. 
Figs. 7 and 8 show examples of radial Cs and Ba profiles for the 
same sample. It is seen that the central part is depleted in Cs 
(Fig. 7) but almost all Ba is retained (Fig. 8). In both cases a 
full diameter was measured. Good symmetry was observed and 
therefore both radii were plotted together. The larger scatter 
on the barium results is due to the lower absolute concentration 
of Ba as compared to Cs, and because the detector was focused on 
Xe giving a lower counting efficiency on the Ba line. 
Figs. 9 and 10 show radial Xe distribution as measured by XRF 
together with the Xe profiles measured by EPMA on adjacent fuel 
samples. The point here is that all Xe including the gas in 
grain boundary porosities is measured by XRF whereas EPMA only 
measures the Xe in the fuel matrix and in bubbles smaller than 
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0.1 |im i n s i d e t h e g r a i n s . Thus t h e d i f f e r e n c e between t h e two 
curves g i v e s t h e amount of Xe s i t u a t e d i n t h e g r a i n boundary 
p o r o s i t i e s . In both c a s e s of F i g s . 9 and 10 t h e f u e l was s u b -
mi t ted t o a power t r a n s i e n t i n t h e range of 300-400 W/cm f o r 
about 2 4 h. 
The r e l e a s e of Xe from a f u l l c r o s s s e c t i o n can be d e t e r m i n e d by 
i n t e g r a t i c of the r a d i a l d i s t r i b u t i o n curve. In 4 cases samples 
from fue l p i n s w i t h o u t s i g n i f i c a n t a x i a l power v a r i a t i o n have 
been measured by XRF. In such c a s e s t h e i n t e g r a l Xe r e l e a s e 
determined by XRF may be compared d i r e c t l y t o t h e i n t e g r a l 
r e l e a s e measured by p u n c t u r e . The two s e t s of d a t a fo r t h e four 
samples a r e shown i n F i g . 1 1 . A r e a s o n a b l e ag reemen t i s o b s e r -
ved. 
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Table 1. Overview of Methods for the Local Measurement ofRp-
tained Fission Gas. 
Method Advantages Disadvantages 
Micro- (a) Measures total gas 
coring (Xe+Kr) with dissolution 
(b) Possibility of 
measuring "pore gas" 
with crushing. 
(a) Coarse radial resolu-
tion, ~ 1 + mm. 
(b) The least abundant 
isotope Kr-85 is 
sometimes the one 
analysed. 
(c) Uncertainty as to wnich 
extent the "pore gas" 
is grain boundary gas. 
EPMA (a) Very fine radial re-
solution, ~ 2.5 |im. 
(a) Very small depth of 
analysis, ~ 0.5 urn 
(b) only Xe in matrix 
and in bubbles 
smaller than 0.1 nm 
is analysed 
Laser (a) Fine radial re-
sampling solution ~ 10 nm 
(a) Only Kr-85 is 
measured. 
(b) Difficult to quantify 
the amount of fuel 
from which the gas 
comes. 
XRF (a) Depth of analysis 
~ 30 MID, using the 
Xe-Ka line. 
(b) Measures total Xe. 
(c) Radial resolution 
~ 0.5 mm 
(a) Only Xe is measured 
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Pig. 1. Sketch of the sample preparation principle. After grin-
ding of the surface a cut is made in plane A-A. After remounting 
the grinding (from plane A-A side) is continued until the metal 
ring is removed in just one location. This procedure gives a 
sample thickness of about 0.1 mm. 
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Fig. 2. Horizontal section through the experimental set-up. 
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Pig. 3. Vertical section through the experimental set-up. 
14 -
1500 
1000 
o 
0) 
\ 
to 
-p 
c 
3 
O 
O 
500 
vvvv / H V^ 
* 
V v 
i j i i I L - J I I I I I—I I L 
-5 0 
Radial position, mm 
Fig. 4. Radial variation of the U-Lo fluorescence (13.55 keV) 
from a fuel sample. This scan is used for the determination of 
the sample edge position in the X-Y stage and for determination 
of the extent of cracks in the fuel. 
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Fig. 5. Spectrum and background spectrum measured on UO2 fuel 
with a burnup of 3.4% FIMA. The background spectrum is measured 
on an unirradiated fuel sample. The Kaj (thick) and Ka2 (thin) 
line positions are indicated at the top of the Figure for the 
elements Te to Ba. Only Xe, Cs and Ba is detected. 
- 16 -
CALC. Xe CONCENTRATION 
Fig. 6. Plot of measured (by XRF) vs. calculated Xe concen-
trations (in % of initial metal atoms). The calculated concen-
trations are found from measured burnups and literature values of 
fission yields. 
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Fig. 7. Cs concentration profi le . 
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RELATIVE RADIUS 
Pig. 8. Ba concentration profile. 
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D XRF 
x EPMA 
RELATIVE RADIUS 
Pig. 9. Radial concentration profiles of Xe measured by XRF 
(total Xe) and by EPMA (Xe inside grains). The difference gives 
the gas in the grain boundary porosities. The fuel was bump 
tested at 42 kN/n for 24 h. Bui nup 4.3% PIMA. 
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D XRF 
x EPUA 
RELATIVE RADIUS 
Fig.10. Radial concentration profiles of Xe measured by XRF 
(total Xe) and by EPNA (Xe inside grains). The difference gives 
the gas in the grain boundary porosities, unfortunately the 
central part of the fuel in the XRF sample »as lost during pre-
paration. The fuel was bump tested at 32 kW/m for 28 h. Burnup 
3.4% FIMA. 
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PUNCTURE, %FGR 
Pig. 11. Comparison of intergral release results obtained by 
integration of XRP measured Xe radial profiles and puncture 
results. 
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Abstract (Max. 2000 char.) 
X-ray f luorescence i s a well e s t ab l i shed a n a l y t i c a l t o o l for 
measuring elemental composition of f a i r l y l a rge ( ~ 5 cm2) "cold" 
samples. A vers ion of t h i s technique has been developed for ana-
l y s i s of r a d i a l d i s t r i b u t i o n of f i s s i o n products Xe, Cs and Ba 
in i r r a d i a t e d U02 fuel samples. About 0.1 mm th in s l i c e s of fuel 
p e l l e t s ( fu l l c ross sec t ions ) a r e i r r a d i a t e d by 50 keV x - r a y s . 
The i n t e n s i t y of the Xe (Cs, Ba) Kot f luorescence r a d i a t i o n 
genera ted i s measured by means of a Ge d e t e c t o r f i t t e d with a 
c o l l i m a t o r . The s l i t i s 0.5 mm wide in the scanning d i r e c t i o n 
and 2 mm long. The measured Xe Ku X-ray i n t e n s i t i e s a r e con-
ver ted to abso lu te concen t r a t i ons by comparing to the i n t e n s i t y 
from a Xe gas s t andard . In the case of Cs and Ba s o l i d s tandards 
may be used. The X-ray f luorescence ana lys i s i s compared t o o the r 
techniques used t o obta in r a d i a l f i s s i o n product p r o f i l e s . I t i s 
shown how a combination of X-ray f luorescence and e l e c t r o n probe 
micro a n a l y s i s i s able to reveal the amount of Xe in t he g ra in 
boundary p o r o s i t i e s . 
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